Abstract-Liquid crystal polyester (LCP) tight jackets, developed as secondary coatings on optical fibers, exhibit Young's moduli of 10-20 GPa and linear expansion coefficients on the order of 10-6/"C. Because of their low linear expansion coefficients, and because they exhibit no thermal shrinkage, the LCP jackets cause a slight change in fiber strain on the order of percent/"C, or a change in the thermal coefficients of the transit time delay as low as 14-29 ps/km"C in an 80 to -60°C temperature range for tight-jacketed optical fibers. Furthermore, the LCP tight-jacketed optical fibers exhibit no excess loss in this temperature range.
I. INTRODUCTION ACKETED OPTICAL
fibers are required to keep transmission characteristics stable against various environmental changes, especially temperature change. Measurements of their thermal characteristics, therefore, are of great importance for the design and evaluation of jacketed optical fibers and optical cables.
Changes in the transmission loss and the transit time delay of the optical pulses due to temperature change have been reported for bare fibers [I] and jacketed fibers [23, [3] . In jacketed optical fibers, the large difference between the linear expansion coefficient of a nylon jacket material (10-40C-' order) and a silica fiber ( -6 X 1 0 -~0 c -l ) causes a large amount of compressive stress or strain on the silica fiber at low temperatures [12] . This compressive stress results in both an increase in microbending loss and a change in the index profile. The microbending loss increase causes a decrease in the maximum repeater spacing. Altering the index profile causes a change in the modal behavior, resulting in a narrowing of the transmission bandwidth for silica fiber. Low-linearexpansion-coefficient materials, therefore, have the potential for application to optical-fiber jacketing materials. Consequently, tightly and loosely jacketed optical fibers with an oriented polymer or several types of fiber-reinforced plastics (FRP's) have been proposed [4]- [7] .
Recently, it has been found that an extremely lowlinear-expansion-coefficient (10-60C-1 order), high- Young's modulus ( E L 5 GPa) tight-jacketed optical fiber can be achieved under a conventional extrusion coating by using a novel liquid-crystal polyester (LCP)
It is anticipated that this LCP-jacketed fiber will show extremely stable transmission characteristics over a wide temperature range. This paper describes the mechanical and thermal properties of extruded LCP jackets, as well as the transmission properties (loss and transit time delay) of the LCP-jacketed optical fibers.
EXPERIMENTAL PROCEDURES

A . Tight-Jacketed Optical Fibers
A cross section of a typical tight-jacketed optical fiber is shown in Fig. 1 . Parameters for the LCP and nylon 12 tight-jacketed optical fibers are summarized in Table I . This fiber is a graded-index multimode fiber with a 50-/125-pm core/cladding diameter and a 1-percent relative refractive-index difference between the core and the cladding. The fiber was coated with silicone rubber, which is approximately 400 pm in diameter. The LCP and nylon secondary coating materials were jacketed on the silicone primary-coated fiber using a conventional nylon-tight jacketing line. Two optical fibers (Fibers A and B ) were coated with LCP jackets exhibiting Young's moduli of 10-18 GPa and negative linear expansion coefficients on the order of 10-6"C-1. The traditional nylon jacketed optical fiber (Fiber C) was coated with a nylon jacket exhibiting a Young's modulus of approximately 1 GPa and a linear expansion coefficient of -9 X 10-5"C-'. Jacket linear expansion (oc-,) coefficient loss spectra before and after LCP jacketing are shown in Fig. 2 . Excess jacketing loss of the LCP-jacketed fiber was not observed in the wavelength of 0.7 to 1.7 pm (within an experimental uncertainty of +_O. 1 dB/km.
B. Experimental Procedures
The transit time delay and the fiber strain of the LCPjacketed fiber were evaluated by measuring the phase shift of intensity-modulated optical signals. When phase shift A8 occurs under the condition of modulation frequency f and fiber length L , the transit time delay shift AT per unit length is given by
(1)
The relationship between fiber strain change ( A € ) and AT is given by
where AT is temperature change, u is the stress applied along the fiber axis due to temperature change, E is the Young's modulus, and subscriptfrefers to the silica fiber [ 3 ] . A value of 37 ps/km"C was used for the parameter ( d~/ d T ) ? This value was determined from the slope in the relationship between transit time delay shift and temperature for the silica fiber.
For the parameter a value of 53 ps/km MPa for Ge02/P205-doped GI fibers was adopted (1 1). The temperature dependences for excess loss in the LCP-and nylon-jacketed fibers were measured by the dummy-fiber method. Fibers of 1 km in length were coiled to form a diameter of approximately 300 mm. A LED (X = 1.30 pm) and Ge-p-i-n diode were used as a light source and a receiver, respectively.
Mechanical and thermal properties of LCP and nylon jackets were measured for fiber-free jackets (i.e., jackets from which the fibers were drawn out). Young's moduli of fiber-free jackets were measured as dynamic moduli using a Rheovibron DDV-3-EA (Toyo Boldwin Co., Ltd.) at a loading frequency of 3.5 Hz. Linear expansion coefficients were determined by measuring changes with temperature in 60-cm-long fiber-free jackets which were suspended in an air-circulating oven. Thermal longitudinal shrinkage of 70-cm-long fiber-free jackets was measured at room temperature after suspending the jackets for 30 min in an air-circulating oven which maintained a temperature of 130°C.
RESULTS AND DISCUSSION
A . Mechanical and Thermal Properties of the LCP Jacket LCP materials exhibit superior mechanical and thermal properties as a result of molecular orientation caused by flow deformation. In LCP jacketing, the molecular orientation of the LCP results from shear stress at the extruder die and nipple walls and from elongation force during the draw-down stage. Therefore, the LCP jacketing properties exhibit significant dependence on extrusion coating conditions (shear rate, elongational draw ratio, and extrusion temperature).
The relationship between Young's modulus ( E ) and linear expansion coefficient (a), for oriented LCP jackets coated by various extrusion conditions, is shown in Fig.  3 . It should be clear from this figure that the nylon jacket E was virtually independent of the extrusion condition. The CY value of LCP decreases and levels off with increasing E. The extremely low a values (* 10-6"C-' order) were attained at high E values of more than 8 GPa, which is approximately one-hundredth that of conventional nylon jackets.
Temperature changes in the linear expansion coefficients for the oriented LCP and nylon jacketing layers are shown in Fit. 4 : The LCP jacket takes a constant 9 value (-3 X lo-. "C I ) in the wide temperature range of -60 to 60°C. However, there is 'a rapid decrease in 01 at about 60"C, which results from the glass transition (Tg = 65°C) of solid LCP. Alternately, the glass transition for nylon 12 is about '40"C, and a rapid decrease in a is also observed above the Tg point. Temperature changes in E values for the LCP and nylon jackets can be seen in Fig. 5 , which are similar to the results in Fig. 4 .
The relationship between thermal longitudinal shrinkage (6) at 130°C and E for oriented LCP jackets, as well as for nylon jackets, is shown in Fig. 6 . The 6 value decreases with increasing E and levels off at a constant value of less than 0.1 percent at E 2 10 GPa. This change in 6 is consistent with the change in a (see Fig. 3 ). The low a and 6 values of LCP result from the stability of the molecular orientation. On the other hand, the shrinkage of nylon jackets is about 0.7 percent at 130°C. This large shrinkage of the nylon jackets arises from both the orientation release induced during the coating process and recrystallization during the heat cycle [ 2 ] , [12] .
B. Reduced Temperature Change in Both Fiber Strain and Transit Time Delay
The temperature dependence for fiber-strain changes in the LCP-and nylon-jacketed fibers is shown in Fig. 7 . The change in fiber strain for the LCP-jacketed fiber was very slight ( --5 X percent/"C), whereas a marked change in fiber strain for the nylon-jacketed fiber (-4.2 X lop3 percent/"C) was observed. The relationship between jacketing properties and fiberstrain change A€ is given by where T, To, E , A , and a are temperature, reference temperature (20°C), Young's modulus, cross-sectional area, and linear expansion coefficient, respectively 1131. The subscript f denotes the fiber and the subscript j denotes the secondary jacketing layer. The influence of silicone was neglected in (3) because the Young's modulus of silicone rubber is much smaller than that of LCP or nylon. Since the linear expansion coefficient (aj) and Young's modulus (Ej) of LCP and nylon jackets vary drastically with temperature, the A6 values were calculated based on the temperature dependence on a and E values. The cal- culated A€ values are shown by solid curves in Fig. 7 .
These calculated values for the LCP-jacketed fiber are in good agreement with the experimental results over the entire temperature range.
\
For the nylon-jacketed fiber, however, the measured strain is smaller than the calculated value in the low temperature region (less than -2O"C), even though both values agree well in the high temperature region. This discrepancy can be explained by fiber buckling in the jacket. According to buckling theory, the critical compressive strain causing fiber buckling is given by
where E, and Ef are Young's moduli of the silicone rubber (approximately 7.8 X GPa) and the fiber (72 GPa), respectively (13) . The calculated E, value (see (4)) is -0.18 percent and is in good agreement with the experimental value of -0.16 to -0.18 percent (Fig. 7) . It seems that with fiber buckling, significant fiber bending occurs and fiber compression strain is partially reieased.
The temperature dependence for the transit time delay shifts in the LCP-and nylon-jacketed fibers (Fibers A , B , and C ) , together with that for the silica fiber, is shown in Fig. 8 . In the LCP-jacketed fibers (Fibers A and B ) , the thermal coefficients (dr/dT) of the transit time delay were 14 ps/km "C and 29 ps/km * "C, respectively. These values are smaller than that for the silica fiber (37 ps/km "C). Remarkably, the value for the nylon-jacketed fiber (Fiber C ) was five times greater (-180 ps/km "C) than that for the silica fiber.
In general, the change in the transit time delay T with temperature T for the tight-jacketed fiber (Fig. 1) is given by where u is the stress applied along the fiber axis due to temperature change [3] . Since the aj value of nylon jackets is very large ( -9 X 10-5"C-') compared to that of silica fiber, the second term on the right-hand side of ( 5 ) takes a large positive value ( -150 ps/km"C). As a result, the nylon-jacketed fiber has a large dr/dT value (Fig. 8) .
On the other hand, the aj values of LCP jackets are negative and smaller than r x f for the silica fiber. Therefore, the second term on the right-hand side of (5) computed for each of the LCP-jacketed fibers is negative. Hence, the overall values of d~/ d T for these fibers are smaller than the overall value of d.r/dT for the silica fiber (Fig.  8) .
C. Transmission Loss Properties of the LCP-Jacketed Fiber
The loss increase behavior for the LCP-and nylonjacketed fibers (Fibers B and C) in the temperature range from 80°C to -60 is shown in Fig. 9 . The nylon-jacketed fiber showed significant loss increase below -20°C. On the other hand, in the LCP-jacketed fiber, no loss increase was found in this same temperature range.
From Figs. 6, 7, and 9, therefore, it can be concluded that the LCP jacket caused a slight change in fiber strain because of the low a and 6 values. Consequently, the loss increase due to macro-and micro-bends did not occur for the LCP-jacketed fiber.
IV. CONCLUSIONS
An extremely low-linear-expansion-coefficient, tightjacketed optical fiber was achieved by extrusion jacketing of a thermotropic liquid-crystal polyester (LCP). The fiber-strain change with temperature for the LCP-jacketed fiber was very small ( --5 X percent/"C) because of the low linear expansion coefficient ( -10-6"C-' order) for the LCP jacket. Furthermore, the thermal coefficient of the transit time delay for the LCP tight-jacketed fiber was smaller (14-29 ps/km * "C) than that for the silica fiber. The LCP-jacketed fiber showed no micro-
